We report the first experimental demonstration of germanium-tin (GeSn) lateral pi-n photodetector on a novel GeSn-on-insulator (GeSnOI) substrate. The GeSnOI is formed by direct wafer bonding and layer transfer technique, which is promising for large-scale integration of nano-electronics and photonics devices. The fabricated GeSnOI photodetector shows well-behaved diode characteristics with high I on /I off ratio of ~4 orders of magnitude (at ± 1 V) at room temperature. A cutoff detection beyond 2 µm with photo responsivity (R op ) of 0.016 A/W was achieved at the wavelength (λ) of 2004 nm. 
Introduction
Germanium-tin alloy (GeSn) has recently received increasing attention due to its tunable direct bandgap and enhanced carrier mobilities as compared to Si, SiGe, and Ge [1] [2] [3] [4] . Despite the large lattice mismatch of 14.7% between α-Sn and Ge and low solubility (~1%) of Sn in Ge [5, 6] , high quality GeSn could be grown on Si, Ge-buffered Si, or III-V substrate using molecular beam epitaxy (MBE) or chemical vapor deposition (CVD) [7] [8] [9] [10] [11] [12] [13] .
The significant progress in growth of high-quality GeSn material has enabled the realization of various GeSn-based nano-electronic and photonic devices with good electrical and optical performance [14] [15] [16] [17] [18] [19] [20] [21] . While most of these devices were fabricated using substrates with GeSn layers epitaxially grown on bulk Ge or Si, the GeSn-on-insulator (GeSnOI) platform is very attractive for monolithic three-dimensional (3D) stacked optoelectronic integrated circuits [22] . GeSnOI has recently been realized using various methods, such as liquid phase crystallization, self-organized seeding lateral growth, and segregation controlled rapid-melting growth [23] [24] [25] . These methods either require a seed for crystallization or have difficulties in forming large-scale GeSnOI substrate. The GeSnOI substrate used in this work was formed by a direct wafer bonding (DWB) technique, which enables the large size GeSn film on the insulating substrate with high material quality [26] . GeSn p-channel fin field-effect transistor (p-FinFET) has been demonstrated with excellent electrical performance on the GeSnOI substrate [27] . However, there is very limited experimental report of photodetectors on the GeSnOI platform.
In this work, GeSn photodetector with a lateral p-i-n structure was demonstrated on the novel GeSnOI substrate for the first time. The fabricated device shows well-behaved rectifying characteristics with a low dark current (I dark ) of 1.4 µA at a reverse bias of −1 V. The detection window was extended beyond two-micron-wavelength with R op of 0.016 A/W at λ = 2004 nm, where many unique applications could be enabled, such as biomedical sensing, light detection and ranging (LiDAR), and fiber-optical telecommunications [28] [29] [30] [31] [32] .
Device fabrication and characterization
A GeSn film with a thickness of ~85 nm was grown on a 300 mm (001)-oriented Si donor wafer by CVD, using a ~1 µm-thick strain-relaxed Ge as a buffer layer. Figure 1(a) shows the cross-sectional transmission electron microscopy (XTEM) image of the complete layer stack of the as-grown sample. The misfit dislocations are well confined near the Ge/Si interface. High-resolution x-ray diffraction (HRXRD) ω-2θ rocking curve of the GeSn/Ge/Si sample at (004) orientation is shown in Fig. 1(b) . The three peaks (from left to right) correspond to the GeSn epitaxial layer, Ge buffer, and Si substrate, respectively. HRXRD reciprocal space mapping (RSM) was also performed to calculate the Sn composition and strain of the GeSn layer. Figure 1 (c) shows the (224) RSM of the as-grown sample. The vertical dash line indicates that the GeSn film is fully strained to the Ge buffer under a biaxial compressive strain of ~-0.8%. The substitutional Sn composition is calculated to be ~7% using Vegard's law [33] . GeSnOI is formed by low temperature direct wafer bonding (DWB) technique [26] . Figure 2 shows the process for forming the GeSnOI substrate. A SiO 2 layer was first deposited by plasma enhanced CVD (PECVD) at 250 °C and was smoothened by chemical mechanical polishing (CMP). This SiO 2 layer became the buried oxide (BOX) layer after bonding. The root-mean-square (RMS) roughness of the smoothened SiO 2 surface was reduced to be less than 0.2 nm. Thermal anneal in N 2 ambient at 350 °C using furnace was carried out to densify the surface oxide. O 2 plasma treatment was then used to enhance the surface hydrophilicity before bonding to a Si handle wafer. The bonding was conducted at room temperature. Post-bond anneal in N 2 ambient at 300 °C for 4 hours was introduced to further enhance the bonding strength between PECVD SiO 2 and Si handle wafer. After that, the backside donor Si was selectively removed by wet etching. Ge buffer was then thinned down to ~150 nm using F-based inductively coupled plasma (ICP). ~150-nm-thick Ge layer was intentionally left on the GeSn surface to enhance the light absorption within 1.55 µm. The GeSn material quality can be well maintained after bonding, as revealed by Raman and XRD measurement in our previous study [27] . The threading dislocation density (TDD) of the GeSn layer is in the range of 10 7 to 5 × 10 7 cm −2 for both before and after the wafer bonding. The background doping for Ge and GeSn layers is in the order of 10 17 cm
. The key process steps for fabricating the photodiode are listed in Fig. 3(a) . A lateral p-i-n device structure was employed. Compared with the vertical p-i-n structure, the lateral geometry is favorable for a planar contact scheme and can be formed simultaneously with the source/drain implant for transistors, enabling simplicity in integration. Meanwhile, p-i-n structure avoids the reliability issue of metal-semiconductor interface in metalsemiconductor-metal (MSM) photodetector and presents an ultra-low noise level when operating at photovoltaic mode. The p-and n-type regions were defined by electron beam lithography (EBL) and formed by boron and phosphorus ion implants, respectively. Figure  3 (b) shows the simulated as-implanted dopant concentration as a function of the depth from the surface. The implant energy and dose were optimized to push the junction close to the underlying Ge/GeSn interface to enhance the collection efficiency of the photogenerated carriers in the GeSn film. A thin SiO 2 layer was deposited to prevent the dopant out-diffusion during the subsequent rapid thermal anneal (RTA) in N 2 ambient at 450 °C for 3 minutes. This layer also functions as the isolation layer for the formation of electrode pads. It should be noted that the thermal stability of the GeSn degrades with increasing Sn composition [34] . It is important to properly select an activation temperature that achieves sufficient activation of dopants without degrading the GeSn quality. A temperature of 450 °C was selected for dopant activation considering the thermal stability issue of GeSn [34] [35] [36] . This is also the highest temperature in the entire process. It should be noted that Ge was used in this work to form the n and p-contact with the metal. One possible way to address such issue is to use GeSn instead of Ge as the contact. It was reported that decent activation can be achieved at 400 °C for both n and p-type dopants in GeSn [16, 37, 38] . Figure 3 (c) plots the Raman spectra of the implanted and unimplanted regions of the Ge/GeSn/BOX/Si sample after dopant activation. Clear Ge-Ge longitudinal optical (LO) Raman peaks were observed, indicating the recrystallization of the doped Ge after RTA. The down-shift and asymmetric broadening toward lower wavenumber of the boron-doped Ge is attributed to the Fano interference, originating from the coupling between discrete optical phonons and continuum of interband hole excitations in degenerated doped p-type Ge [39, 40] . The contact region was then patterned and opened by dry etching followed by wet etching using diluted hydrogen fluoride (DHF) solution. The interdigital electrode fingers were arranged to follow the lateral alternating p-i-n geometry and realized by a lift-off process. A three-dimensional (3D) schematic of the vertical-illuminated GeSn lateral p-i-n photodiode is shown in Fig. 4(a) . The photodiode region is indicated in the black dashed box. Figure 4(b) shows the cross-sectional schematic of the photodiode along dashed line A-A'. Clear alternating doped p-and n-Ge for metal contacts were illustrated. No specific anti-reflection coating was implemented here. Figure 4(c) shows the top-view scanning electron microscopy (SEM) image of the GeSnOI photodiode with three pairs of interdigital electrode fingers.
TEM was performed on the GeSnOI photodetector to examine the crystalline quality of semiconductor layer after device fabrication. Figure 5(a) shows the XTEM of a fabricated GeSnOI photodiode with focused ion beam (FIB) across two adjacent interdigital finger electrodes. The intrinsic region is in the center between the two finger electrodes [ Fig. 5(a) ] and the separation between p and n regions is 500 nm as defined by EBL. The actual intrinsic width is even smaller as dopants diffuse during anneal. Zoom-in view in the intrinsic region of the lateral p-i-n photodiode is shown in Fig. 5(b) . No obvious defects were observed in the Ge/GeSn layers. Clear lattice fringes can be observed at the Ge/GeSn interface and the GeSn/BOX interface from high-resolution TEM (HRTEM) images, as revealed in Figs Figure 6 shows the dark current-bias voltage (I dark -V bias ) characteristics of the fabricated GeSnOI photodiode at room temperature. A high I on /I off ratio (measured at V bias of ± 1 V) of around four orders of magnitude is observed, which is comparable or even higher than reported values [17, 19] . The measured dark current at −1 V is ~1.4 µA, which is comparably low considering the large device surface area of 38.5 × 30 µm 2 (including the area of finger electrodes). The dark current could be further improved with scaled device dimension, optimized implant and dopant activation, and isolated device mesa.
Results and discussion
In order to further investigate the leakage mechanism, the dark current of this GeSn lateral p-i-n photodiode was characterized at various measurement temperatures (T) ranging from 270 to 330 K, as plotted in Fig. 7(a) . The I dark can be modeled using the following expression 
where B is a constant, T is the temperature, k is the Boltzmann constant, V a is the applied bias voltage, and E a is the activation energy [41, 42] . -Ge/GeSn/n + -Ge) in parallel. The extracted E a is an overall activation energy for both. The observation that E a is less than E g /2 (E g is 0.66 eV for Ge and 0.54 eV for GeSn [43] ) suggests that the leakage current is dominated by trap-assisted tunneling current [44] . The trap-assisted tunneling current could be possibly due to the energy levels in the GeSn bandgap resulting from the trap states at the SiO 2 /Ge or GeSn/BOX interface. This indicates that introduction of proper surface passivation technique could effectively suppress the leakage current [45] [46] [47] . In addition, further post-fabrication anneal may also help to annihilate those defects and improve the device performance. The other main possible source is the defects-assisted tunneling at the i-GeSn/n + -Ge junction. The electrical field in this junction is high and phosphorus ion implantation introduces certain number of defects which are difficult to be completely removed with thermal annealing [48] . A decreasing trend of E a with increasing reverse bias voltage V re was also found, as illustrated
in Fig. 7(c) . This is predictable because increasing reverse bias enlarges the band-bending of the intrinsic region which leads to enhanced electrons and holes tunneling from those shallow-level traps into respective conduction and valence bands, contributing to the reduction of effective E a .
Two discrete mode Fabry-Perot laser diodes (Eblana's EP1877-0-DM and EP2004-0-DM) with emission wavelengths of 1877 and 2004 nm were utilized for the optical characterization of the GeSnOI photodiode. Light was coupled into a single-mode (SM) fiber (Thorlabs SM2000) and illuminated vertically on the photodetector surface. Figures 8(a) and 8(b) show obvious photoresponse under various fiber output powers at illumination wavelength of 1877 and 2004 nm, respectively. The photodiode was biased at −1 V. The fiber output power was calibrated through a commercial available InGaAs detector-based power meter (Thorlabs S148C) from the fiber tip. The laser was modulated (on/off) through a function generator at a frequency of 1 Hz. The laser beam size arriving at the sample surface in the measurement is much larger than the effective area (considering the shadowing effect of the interdigital electrode) of the GeSnOI photodiode. The actual power illuminating on the effective region of the photodiode was calculated before the extraction of the photoresponsivity, assuming a circular beam size with uniform spatial-distributed power. The light intensity from the fiber was calibrated using a power meter. Figure 9 (a) shows the photocurrent of the GeSnOI photodiode as a function of the actual illuminated power. An almost linear photoresponse was observed when the illumination power is increased. The wavelength-dependent responsivity of the photodiode at −1 V was plotted in Fig. 9(b) . Responsivities of 0.027 and 0.016 A/W can be achieved at wavelength of 1877 and 2004 nm, respectively. Figure 9 (c) shows the photoresponsivityvoltage characteristics of the photodetector at these two single wavelengths. At reverse bias, the photodetector shows a quite constant responsivity from 0 to −1 V, for both wavelengths. This indicates that the photogenerated carriers could be efficiently collected even under zero bias. As compared to pure Ge-based photodiodes, this device shows significant extended photoresponse far beyond traditional tele-communication bands (O to U-band) [49] . Implementation of a GeSn/Ge multi-quantum-well (MQW) structure (higher critical thickness is expected [50] ) or insertion of a resonant cavity [51] could further enhance the responsivity.
Conclusion
GeSn photodiode with a lateral p-i-n geometry was realized on an advanced GeSnOI platform for the first time. The resulting photodiode shows a high I on /I off ratio of ~4 orders of magnitude and a low dark current of 1.4 µA at room temperature. Obvious photo-response up to 2004-nm wavelength was observed. Responsivity of 0.027 and 0.016 A/W at −1 V were achieved for 1877 and 2004 nm illumination. Even under zero bias, responsivity of 0.024 and 0.013 A/W can still be obtained. This work paves way for the high performance optical receivers operating at mid-infrared and for potential monolithic integration with GeSn-based electronic devices on common insulator substrates for image sensing applications.
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